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ABSTRACT Far infrared (FIR) spectral measurements of wild-type (WT) and D96N mutant bacteriorhodopsin thin ﬁlms have
been carried out using terahertz time domain spectroscopy as a function of hydration, temperature, and conformational state.
The results are compared to calculated spectra generated via normal mode analyses using CHARMM. We ﬁnd that the FIR
absorbance is slowly increasing with frequency and without strong narrow features over the range of 2–60 cm1 and up to
a resolution of 0.17 cm1. The broad absorption shifts in frequency with decreasing temperature as expected with a strongly
anharmonic potential and in agreement with neutron inelastic scattering results. Decreasing hydration shifts the absorption to
higher frequencies, possibly resulting from decreased coupling mediated by the interior water molecules. Ground-state FIR
absorbances have nearly identical frequency dependence, with the mutant having less optical density than the WT. In the M
state, the FIR absorbance of the WT increases whereas there is no change for D96N. These results represent the ﬁrst
measurement of FIR absorbance change as a function of conformational state.
INTRODUCTION
To understand protein interactions, it is critical to determine
the role of conformation state and protein ﬂexibility.
Changes of state, photobleaching, and photocycling often
involve subtle changes in tertiary structure. A given con-
formational change can often be decomposed into the
collective vibrational modes that would constitute such
a motion. Conformational vibrational modes are distinct
from the familiar mid-infrared or infrared vibrational modes,
which in general involve the motion of only pairs or small
groups of molecules. Conformational modes involve the
collective motion of entire subunits of the protein with 50–
100 atoms moving in concert. These modes lay in the far
infrared (FIR) with frequencies between 1 and 200 cm1
(Brooks et al., 1988). We can then quantify conformational
ﬂexibility in terms of the density and spectrum of these low-
frequency collective vibrational modes.
Characterization of protein conformational ﬂexibility
through the measurement of collective vibrational modes
has been attempted by using inelastic neutron scattering
(INS) (Diehl et al., 1997; Doster et al., 1989; Ferrand et al.,
1993), Raman (Urabe et al., 1998; Weidlich and Lindsay,
1988; Weidlich et al., 1990a), and FIR studies (Genzel et al.,
1984; Lindsay et al., 1988; Lisy et al., 1997; Markelz et al.,
2000; Powell et al., 1987, 1991; Weidlich et al., 1987,
1990b; Wittlin et al., 1986). For bacteriorhodopsin (BR),
Raman measurements have mainly examined the collective
modes of the attached retinal chromophore with modes n[
200 cm1. Conformational modes of the BR polypeptide
have been studied using INS (Ferrand et al., 1993; Zaccai,
2000). These studies of wild-type (WT) BR as a function of
temperature and hydration show a broad response without
identiﬁable modes. No conformational state measurements
were performed with INS to date.
FIR measurements of proteins have been more limited due
in part to the need to use Fourier transform infrared systems
coupled with cryogenic detection. In this frequency range,
one needs to minimize liquid water (which has a large
absorption coefﬁcient in the FIR) but sufﬁciently hydrate
the sample for bioactivity, native conformation. Recently,
however, a time-resolved FIR measurement was performed
suggesting a 115 cm1 collective mode lifetime [500 ps
(Xie et al., 2002). Very low-frequency (1–40 GHz) measure-
ments have been performed using microwave absorbance
measurements(Birge et al., 1996; McIntosh and Boucher,
1991). Because the frequency range is below that for
excitation of collective modes, the observed absorbances are
associated with charge transport events.
FIR absorbance measures only optically active modes
with absorbance spectrum A given approximately by
A ¼ R f ðnÞgðnÞdn, where g(n) is the density of normal
modes for a given conformation, and f (n) is the oscillator
strength for mode n. Our FIR absorbance measurements are
performed using terahertz time domain spectroscopy (TTDS)
systems that use ultrafast optical or near-infrared (NIR)
solid-state lasers to both generate and detect the terahertz
light and offer a number of distinct advantages over standard
FIR spectroscopy techniques. These are, mainly, ease of
use, time-resolved measurement, access to the real and imagi-
nary part of the dielectric constant, and bandwidth from 2 to
100 cm1. A number of authors have applied TTDS to
biophysical systems including: imaging for diagnosis of
tissue damage and dental decay (Han et al., 2000; Long-
bottom et al., 2002) spectroscopy for biomolecular iden-
tiﬁcation (Brucherseifer et al., 2000; Nagel et al., 2001;
Woolard et al., 1997), and conformation determination
(Markelz et al., 2000; Walther et al., 2000). To our
knowledge, no measurements have examined how confor-
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mational change affects these modes. In this report, we
present FIR absorbance measurements of the collective
vibrational mode spectrum for WT and the D96N mutant
bacteriorhodopsin in both illuminated and nonilluminated
environments. This is the ﬁrst demonstration of how FIR
absorbance measurements can be used to detect changes in
the tertiary structure of a biomolecule.
BR is a transmembrane protein (26 kDA) that is native to
an archaebacteria known as Halobacterium salinarum
(Lanyi, 1999). Archaebacteria are an evolutionarily distinct
domain of organisms that are known to thrive in extreme
environments. Such environments include underwater hy-
drothermal vents, salt marshes, hot springs, and obsidian
pools. H. salinarum exists in hypersaline environments
known to have NaCl concentrations that are six times that of
seawater (;0.6 M) (Stuart and Birge, 1996). Under con-
ditions of low oxygen tension and high light intensity,
BR will enable the organism to generate energy via pho-
tosynthesis rather than through aerobic metabolism. A
retinal cofactor (chromophore), which is responsible for
the purple color of the protein, is attached to the protein via
a protonated Schiff base linkage to K216 to form
a quadrupole with two negative (D85, D212) and one
positive counterion (R82) (Kusnetzow et al., 1999). Fem-
tosecond photoisomerization of this chromophore repre-
sents the primary photochemical event (Stuart and Birge,
1996). Light excitation of the chromophore activates a photo-
cycle consisting of a series of intermediate states, known
as J, K, L, M, N, and O. Each intermediate is character-
ized by its unique UV/Vis absorbance as shown in Fig. 1.
The primary event of the light-adapted species is character-
ized by an isomerization from the all-trans to 13-cis con-
formation. This isomerization along with key interactions
taking place between the chromophore and residues lining
the retinal binding pocket lead to the transport of a proton
from the cytoplasmic to extracellular face of the membrane.
The continual photocycling of protons creates a potential
gradient that is used to drive the formation of ATP through
a series of external chemical reactions. Each intermediate
state is associated with a thermal change in the conformation
of retinal with its surrounding protein environment. A key
conformational change occurs with the L ! M transition in
which the residue D85 becomes protonated, and the retinal
Schiff base becomes deprotonated (Lanyi and Pohorille,
2001). It is believed that numerous conformational changes
occur during the lifetime of the M state due to the need for
the retinal chromophore to interact with both the proton
acceptor and donor groups. This investigation is focused on
observing change in FIR absorbance with the M state as well
as the temperature and hydration dependencies. We ﬁnd that,
despite having nearly identical ground-state FIR absorbance,
the WT FIR absorbance increases as a function of con-
formational change, whereas the D96N mutant does not.
If we interpret the strength of the absorbance as related to
the conformational ﬂexibility, this result is consistent with
the three-order-of-magnitude increase in photocycling time
of D96N relative to WT. Thus, the signiﬁcant increase
in the M-state lifetime of D96N may be due in part to
conformational ﬂexibility within the WT protein, as well as
a decrease in the efﬁciency of proton donation to the binding
site for D96N.
MATERIALS AND METHODS
Bacteriorhodopsin is isolated in the form of purple membrane patches
(Oesterhelt and Stoeckenius, 1974). These patches consist of ;25% lipid
and 75% protein. We found the uniformity of the ﬁlms to be critical for the
THz measurements. This uniformity was achieved using the following
protocol. Solutions of BR were spun down to pellet form (35 min at 32 K
rpm), dissolved in doubly deionized water, and sonicated for 1 h to fully
dissolve aggregates. A 2% glycerol solution of the sonicated media was
pipetted onto the substrate and rapidly dried in a dessicant box that was
constantly purged with dry nitrogen gas. One half of the substrate was left
clean to be used as a reference. The protein ﬁlms had thicknesses of roughly
200 mm and optical densities of A568 ;1–3. There were a total of three WT
samples and three D96N samples measured.
For the initial FIR absorption measurements, conditions were set to
capture the M intermediate state, which has a lifetime of ;10 ms at room
temperature and pH 7. It has been shown that the stability of the M state can
be prolonged indeﬁnitely at 233 K (Sass et al., 1997). Below 233 K, BR can
no longer photocycle, possibly due to the molecule’s inability to access the
necessary conformations, as suggested by INS results (Ferrand et al., 1993;
Zaccai, 2000). Thus by cooling the sample to 233 K and illuminating with
l[ 570 nm, the change in the FIR absorbance due to the induced M state
population can be measured in equilibrium. A temperature-controlled
hydration cell was used to both maintain the required temperature and
hydration for M state capture and photocycling. The sample holder is in
contact with a temperature-controlled stage consisting of a Peltier cooler
mounted on a ﬂuid heat exchange platform. Cold nitrogen gas was used as
heat exchange ﬂuid. The quartz sample slides are mounted on a brass holder
with two 4-mm diameter identical apertures, one aperture over the BR-
coated side of the substrate, the other aperture over the uncoated side of the
substrate, which is used as a reference. A thermocouple is mounted on the
brass sample holder directly next to the quartz sample slide. The holder is
surrounded by a closed cell with polypropylene windows. The relative
humidity in the cell is controlled by ﬂushing the cell with air pumped over
a saturated salt solution. The typical time for ﬂushing before data taking was
FIGURE 1 Photocycle of bacteriorhodopsin. Note
that the relaxed state of BR is denoted as bR.
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[2 h. Hydration equilibration times for OD 1 BR ﬁlms is ;1 h (Varo and
Keszthelyi, 1983). During cool down, the pump was turned off and the
input/output lines were sealed to prevent condensation on the sample.
Repeated measurements of the FIR transmission through the reference and
sample by toggling the hydration cell between the reference substrate
aperture and the BR ﬁlm aperture reduces affects of laser drift, and removes
rotational water lines due to the gas phase water in the hydration cell as
well as any absorption due to condensed liquid water on the substrate.
The temperature and conformational dependence of the THz absorption
was determined by thermal cycling and photocycling the samples. THz
absorbance was measured at room temperature and again after the sample
was cooled to 233 K in the dark. The sample was then illuminated with a 480
nm low-pass ﬁltered white light for 45 min and intermediate state content
was monitored with the UV/Vis absorbance. The intermediate state THz
absorbance was measured. To check for reproducibility, THz measurements
were performed again after the cooled sample was illuminated with white
light for conversion back to ground state and then after the sample returned
to room temperature. The THz absorbance after white light illumination was
the same as the initially cooled 233 K dark measurement and the initial and
ﬁnal room temperature measurements were the same.
The optical set up for the FIR measurements using TTDS is shown in Fig.
2. We use an unampliﬁed Ti-Sapphire mode locked laser with l ¼ 790 nm,
pulse width of 65 fs, and average power of 300 mW as our ultrafast NIR
source for THz generation and detection. THz pulses are generated using
photoconductive switches embedded in Hertzian dipole antenna with
a several mm photoconducting gap at the center fabricated on a semi-
insulating GaAs. A large DC bias (;7.5 kV/cm) is applied across the
antenna, and when carriers are photoinjected into the gap by short-pulsed
laser absorption, a current transient is produced, giving rise to an output
pulse of broadband low-frequency radiation. Coherent detection of the
output ﬁeld transient is accomplished with an optically gated antenna
receiver, or by electro-optic (EO) detection. Review discussions on the
generation, detection, and analysis using TTDS can be found in papers
by Grischkowsky and Zhang (Grischkowsky and Katzenellenbogen, 1991;
Chen et al., 2001). It was found that the spatial dependence of frequency
content across the focus for the broadband source coupled with nonuniform
ﬁlms resulted in varying frequency dependence of the measured
absorbances. This spatial variation was more severe in the all-photocon-
ductive switch system than in the electro-optic system. With sufﬁciently
uniform ﬁlms and optimization of the uniformity in the frequency content
across the focus using the EO system, we achieved consistent and
quantitative absorbance measurements. Overall trends, such as temperature,
hydration, and conformation dependencies were consistent between the two
measurement systems and for less uniform ﬁlms. The bandwidth of our
systems was limited to 60 cm1 for these measurements. The TTDS systems
used were enclosed in a dry nitrogen purged box to diminish THz absorption
due to ambient humidity. In all cases the samples and references were
mounted behind metal apertures (diameters¼ 4 mm) at the focus of the THz
beam, (diameter\2 mm, Rayleigh range[4 mm) and the transmission was
measured through repeated toggling between the reference and the sample to
reduce effects due to laser and optics drift. All data shown here are of the
absorbance as deﬁned by: Abs ¼ 2 log jEsample/Ereferencej, where Esample
(Ereference) is the ﬁeld transmitted through the sample (reference). We do not
discuss the phase measurements here.
In addition to the FIR measurements, a low-power tungsten-halogen
beam is also directed through the sample for monitoring of the UV/Vis
absorption. This allows us to assess the conformational state of the
bacteriorhodopsin samples. The transmitted white light is collected and
focused onto an optical ﬁber and analyzed using an Ocean Optics
spectrometer (Dunedin, FL).
NORMAL MODE ANALYSIS
Well-known computational methods to study dynamics of
biopolymers are molecular dynamics and normal mode
analysis. Normal mode analysis has several advantages. It is
a relatively rapid computational technique, the calculated
frequencies can be compared with resonance frequencies
from experimental methods such as FIR spectroscopy, and
low-frequency modes can be correlated to conformation
ﬂuctuations (Brooks et al., 1995). Normal mode calculations
were performed to analyze normal mode density, atomic
ﬂuctuations, and FIR spectra of WT and D96N protein in the
resting state. The atomic coordinates used in the calculations
were Protein Data Bank (PDB) entry 1C3W (1.55 A˚
resolution (Luecke et al., 1999a)) for WT and PDB entry
1C8R (2.0 A˚ resolution (Luecke et al., 1999b)) for D96N.
Hydrogen atoms were added using InsightII 2000 (Accelrys,
San Diego, CA). The protonation states of the residues were
assigned assuming a pH ¼ 7.0. The resulting net charges
were 11 for Arg and Lys residues, –1 for Asp and Glu
residues, and 0 for His. The residues D115 and D96 (wild-
type BR) were assigned net charges of 0 (Bousche et al.,
1992; Ren et al., 2001).
The crystal structure of a protein is generally inappropriate
for direct harmonic analysis due to bad nonbonding con-
tacts and unoptimized internal geometries. A normal mode
calculation is usually carried out on an energy minimum
(Janezic and Brooks, 1995). A series of energy minimiza-
tions was carried out to satisfy this requirement. This was
done using cycles of steepest descent and adopted basis
Newton Raphson algorithm (Brooks et al., 1983). Harmonic
constraints were applied on the protein backbone, and were
progressively reduced at each cycle. Finally, the constraints
were removed and the system was minimized until the
energy gradient was 10–6 kcal/A˚. The nonbonded interac-
tions were truncated at 13 A˚ and van der Waals interactions
switched between 10 A˚ and 12 A˚.
Normal modes were obtained using iterative diagonaliza-
tion in a mixed basis set, previously developed for large
molecular systems (Mouawad and Perahia, 1993). This
method has been applied to hemoglobin and phosphoglyc-
FIGURE 2 Schematic of terahertz time domain spectroscopy system with
coincident UV/Vis absorbance monitoring for the FIR absorbance measure-
ments. The dashed-dot-dot line represents the NIR light that is used to
generate and detect the FIR pulses, the gray line represents the FIR, and the
dashed line represents the light from a tungsten-halogen lamp used for
monitoring the UV/Vis absorption.
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erate kinase (Mouawad and Perahia, 1996) (Guilbert et al.,
1996; Perahia and Mouawad, 1995). It uses an iterative
procedure that converges from a set of initial trial modes to
the reﬁned lowest frequency ones within a given error
tolerance.
The program CHARMM27 with CHARMM22 parameter
set (Brooks et al., 1983; MacKerell et al., 1998) was used
for all energy minimizations and normal mode analysis. A
histogram of the calculated normal mode frequencies is
shown in Fig. 3. The ﬁrst 403 modes were calculated. There
were no negative frequencies in the calculation, and the six
modes corresponding to translational and rotational motion
were all present. There are no signiﬁcant differences between
the normal mode density of WT and D96N.
The theoretical absorption spectra of WT and D96N were
calculated. For each mode n we deﬁne the state jni with
collective vibrational energy hn(n 1 1/2). The absorbance
for a transition from n to n 1 1 can be estimated from the
dipole derivative associated with each mode (Person and
Zerbi, 1982). The IR absorbance, Air, of a vibrating normal
coordinate, Qn, of a molecule is proportional to the square of
the transition dipole moment, which for linear response can
be approximated by the derivative of the molecular dipole
moment with respect to Qn:
Iir ¼ Anðnn  nn11Þðn1 1Þ dm
dQk
 2
; (1)
where m is the dipole moment, Nn is the density of molecules
with quantum number n, and B is a constant (Palmo and
Krimm, 1998). We note that we use a ﬁxed charge model
here whereas Palmo and Krimm use a polarizable force ﬁeld.
Using the Boltzmann distribution, Nn can be expressed as:
nn ¼ nehcnðn11=2Þ=kT=+
n
e
hcnðn11=2Þ=kT
; (2)
where N is the total number of molecules per unit
volume(Polavarapu, 1998). In the harmonic approximation,
with equal energy level spacing for a displacement vector,
Eq. 1 is summed over all n, and the intensity is therefore
temperature independent. However, for proteins, the confor-
mational potential is highly anharmonic and thus we con-
sider only the transition of n ¼ 09! n ¼ 1 (Roitberg et al.,
1995). Fig. 4 shows the theoretical absorbance spectra of
WT and D96N for T ¼ 300 K.
From the calculated eigenfrequencies and eigenvectors,
statistical measures of motion can be derived. These mea-
sures are useful to discover which residues move the most
and which remain stationary. The atomic ﬂuctuations from
a harmonic approximation is given by
hDx2ki ¼ kBT +
3N6
i¼1
jykij2
Mkv
2
i
; (3)
whereMk is the atomic mass, i spans the modes of interest, y
is the eigenvector, and k corresponds to the component of
motion of an atom in the x, y, or z direction (Brooks et al.,
1995). Fig. 5 shows the average rms ﬂuctuations of all atoms
along each mode. It shows which modes contribute most
signiﬁcantly to the atomic ﬂuctuations, which is a measure of
the overall mobility of WT and D96N. It is seen that rms
ﬂuctuations are very large for the ﬁrst few modes and
indicates that low-frequency modes induce most of the large-
scale motion. Conversely, high-frequency modes result in
very small atomic ﬂuctuations.
EXPERIMENTAL RESULTS AND DISCUSSION
The room temperature, 80% r.h. absolute absorbances, are
shown in Fig. 6 from WT and D96N samples. Both samples
FIGURE 3 Density of normal modes calculated with CHARMM for
bacteriorhodopsin molecules: wild-type (PDB 1C3W (Luecke et al., 1999a))
and D96N (PDB 1C8R (Luecke et al., 1999b)). No bound waters are
included in the calculation. Bin size is 2 cm1. See text for details.
FIGURE 4 FIR absorbance calculated using CHARMM for wild-type and
D96N bacteriorhodopsin. The calculation uses the full normal mode spectra
shown in Fig. 3 along with calculated dipole moment change for each mode.
Only transitions from n ¼ 0 to n ¼ 1 of the harmonic modes are included.
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had A568 ¼ 2.7, and great care was taken to ensure ﬁlm
thickness uniformity and THz frequency content uniformity
over the entire illuminated area. The absorbance for both
appears nearly linear over the frequency range, without the
narrow band features shown in the calculated spectra in Fig.
4. Xie et al. (2002) measured a lifetime of[500 ps for 115
cm1 conformation mode for BR at room temperature. This
lifetime implies a homogeneous broadening of\0.07 cm1
and our calculations give a mode spacing of 0.25 cm1; still
no narrow features are observed even at resolutions of 0.17
cm1 as seen in the inset of Fig. 6. The results can be re-
conciled by noting that the calculated spectra and mode
spacing assumed a speciﬁc minimized structure. A macro-
scopic room temperature sample will have an assembly of
minima, with slightly varying spectra thus obscuring speciﬁc
modes. This result then suggests that speciﬁc collective
mode identiﬁcation requires either single molecule spectros-
copy or nonlinear measurements to preferentially excite
a uniform population. We note that unlike the more familiar
interatomic vibrational spectroscopy such as the C-C stretch
within the polypeptide chain, FIR absorbance probes large-
scale collective motion, and thus is strongly dependent on the
global conformation.
As can be seen in the ﬁgure, the D96N absorbance is
somewhat less than the WT; however, scaling the measure-
ment by a factor of 1.8, the absorbances nearly overlay
exactly. Der and Keszthelyi (2001) have measured ground-
state dipole moments of mWT ¼ 1.30 3 1023 Cm and
mD96N ¼ 1.003 1023 Cm. However, this is not sufﬁcient
to explain the difference in the oscillator strengths observed.
For all samples measured, the relative values of the room
temperature FIR absorbance directly scale with the ground-
state A568.
Comparing the measured absorbance with the calculated
spectra in Fig. 4, we see that for this ﬁrst attempt to compare
experimental and theoretical spectra in the THz region, and
the theoretical calculations show only general agreement
with the proﬁles observed experimentally. The overall cal-
culated frequency dependence of the absorbances shown
in Fig. 4 is in fairly good agreement with the experiment;
however, they do not reproduce the observation that WT has
higher absorptivity than D96N in this region. Some very
low-frequency (below 10 cm1) modes observed experi-
mentally were absent in the theoretical spectra. Some of
these may be due to inorganic cation resonances, which
dominate the microwave region below 40 GHz (Birge et al.,
1996). Differences in the frequencies and intensities obtained
between the calculations and experiment can be attributed to
the fact that real frequencies are strongly inﬂuenced by
anharmonic effects and solvent damping (Hinsen, 1998).
Classical force ﬁelds are not designed to address these issues,
and experiments like this may help to improve these force
ﬁeld calculations. Our intensity calculations assume har-
monic potentials, only considered transitions from n ¼ 0 to
n ¼ 1 of the harmonic modes, and do not include bound
water. In addition, the use of a classical force ﬁeld and
standard atom charges will invariably lead to errors in both
band position and intensities.
One might have anticipated that the nature of very low-
frequency modes might be amenable to semiclassical
analysis. Although this might ultimately be true, explicit
handling of water molecules will be required. It is also likely
FIGURE 5 Average rms ﬂuctuations versus frequency for WT and D96N
bacteriorhodopsin for the vibrational modes shown in Fig. 3 and determined
using CHARMM. The large amplitude ﬂuctuations are concentrated in the
low-frequency region.
FIGURE 6 Comparison of FIR absorption of D96N mutant and WT
bacteriorhodopsin thin ﬁlms at room temperature 80% r.h. The two samples
have A568 ¼ 2.7. Notice that if the mutant is scaled by factor of 2, it nearly
overlays that of WT. The inset shows a high resolution measurement of the
WT sample. While the absorption shows a strong etalon due to the substrate,
no individual collective modes as shown in the calculated spectra of Fig. 4
can be identiﬁed. See text for discussion.
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that the coupling of the low-frequency modes with the
phonon structure of the semicrystalline purple membrane
lattice may contribute to the FIR proﬁle. Studies on the
protein monomer are planned to test this hypothesis. If this is
true, the degree of difﬁculty of the theoretical calculations
increases by at least one order of magnitude. Nevertheless,
the calculations do provide a perspective on the origins of the
unexpectedly large difference in the THz spectrum of WT
versus D96N.
The absolute absorbances shown in Fig. 6 were de-
termined by extreme care in preparing uniform ﬁlms and
optimizing spatial uniformity in the FIR focus for the EO
detection system. The measurements on hydration and
conformation were mainly performed using the photocon-
ductive switch detection system and were more effected by
the spatial nonuniformity of both the frequency distribution
in the FIR focus and the thin ﬁlm samples’ thickness
variation, so the frequency dependence of the absorbances
appears slightly different than those in Fig. 6. All trends
presented for the hydration and conformational measure-
ments were observed for all samples measured.
The hydration dependence is shown in Fig. 7. We
measured three different hydration levels, 80% r.h., 30%
r.h., and\5% r.h. The 80% and 30% r.h. data overlay for all
samples measured (80% r.h. is shown in the ﬁgure), whereas
when the cell was purged with dry nitrogen gas, the net
absorbance decreased in a uniform way. The change in
absorbance as a function of hydration may come from
a variety of effects. We note that at 80% r.h., the hydration
was not sufﬁcient for liquid condensation on the sample or
substrate. Possible effects include mass loading, increased
intramolecular coupling mediated by interior water mole-
cules, and collective modes of interior water clusters. At 80%
r.h. there are ;180 H20 molecules/BR molecule (Varo and
Keszthelyi, 1983). Effective mass loading is then expected to
shift spectrum by ;6%; however, we see a somewhat more
dramatic effect. Thus most likely the observed increased
absorption with water content arises from increased intra-
molecular coupling or collective modes of interior water
clusters. INS measurements show a comparable change in
scattering amplitude for the same hydration change (Ferrand
et al., 1993).
We will now discuss the conformational dependence
measurements. The FIR absorbances are shown in Figs. 8
and 9, and the UV/Vis absorbance change upon illumina-
tion is shown in Fig. 10. Fig. 8 shows that for the WT sam-
ples, the higher frequency FIR absorption decreases as the
temperature is lowered, in good agreement with tempera-
ture-dependent INS measurements (Ferrand et al., 1993;
FIGURE 7 Hydration dependence of the FIR absorbance for WT and
D96N bacteriorhodopsin thin ﬁlms. All measurements were at room
temperature with hydrated (dehydrated) spectra taken at 80% r.h. (\5%
r.h) respectively. For this ﬁgure and Figs. 8 and 9, the frequency-dependent
features appearing between 50 and 60 cm1 are considered artifacts arising
from nonuniformity of the ﬁlms and spatial dependence in the THz
frequency content at the focus (see text).
FIGURE 8 Temperature and conformation dependence
of a thin ﬁlm of WT bacteriorhodopsin, measured at r.h. ¼
80%. The solid line shows the 293 K data. The X with the
dashed line through it shows the 233 K data, unilluminated
and still in the BR state, or resting state. There is a decrease
in the FIR absorbance as increasing frequencies compared
to that of the room temperature data. The plus sign with the
dotted line through it shows the 233 K data illuminated
with M-state content shown by UV/Vis absorption as
shown in Fig. 10 a. There is an overall increase in FIR
absorbance above that of both the 233 K unilluminated
data and the 295 K data. A 3 cm1 period etalon is
observed that was not entirely removed by the reference.
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Zaccai, 2000). This temperature dependence can be in-
terpreted as the changing accessibility of vibrational modes
as a function of temperature due to the changing occupa-
tion of the lower lying states of the anharmonic potential
(Austin et al., 1975). Conceptually, the molecule has a
ladder of conformational vibrational modes corresponding
to the curvature of the potential. For an anharmonic poten-
tial, the spacing between modes changes as energy increases.
In the case of WT, as the temperature increases, the ab-
sorption at higher frequency increases. This suggests that the
occupation of higher energy states at the higher tempera-
ture allows access to higher frequency vibrational modes,
suggesting an increasing curvature with energy. In contrast,
Fig. 9 shows that the mutant’s low frequency absorption
increases with temperature, suggesting a decreasing curva-
ture with energy. For both the WT and D96N, we see
a negative absorbance at the lowest frequencies when the
samples are cooled, which is most likely due to a referencing
artifact.
Upon illumination, BR undergoes a conformational
change. This change in UV/Vis absorption is shown in
Fig. 10, where DA ¼ Alight  Adark. For the WT sample, the
FIR absorbance increases upon this conformational change.
WT sample returned to the low temperature FIR absorbance
FIGURE 9 Temperature and conformation dependence
of a thin ﬁlm of D96N bacteriorhodopsin, measured at r.h.
¼ 80%. The solid line shows the 293 K data. The X with
the dashed line through it shows the 233 K data,
unilluminated and in the resting state. There is a decrease
in the FIR absorbance at lower frequencies compared to
that of the room temperature data. The plus sign with the
dotted line through it shows the 233 K data illuminated
with M-state content shown by UV/Vis absorption as
shown in Fig. 10 b. There is no change in the FIR
absorption observed for the M state of D96N.
FIGURE 10 UV/Vis absorbance referenced to unillumi-
nated ground-state samples for FIR conformational de-
pendence shown in Figs. 8 and 9. (A) Wild-type and (B)
D96N mutant thin ﬁlms at 233 K. The spectra demonstrate
the increase in absorption at 410 nm corresponding to the M
state capture and a decrease in the 568 nm line
corresponding to decrease in the ground-state population.
Note that for the WT sample, the decrease in the ground
state does not correspond to only the two-state occupancy
and the additional peak at;490 nm as well as an inﬂection
at ;560 nm suggesting possible N and P content.
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with illumination of l \ 480 nm. The increase in FIR
absorbance with l[ 480 nm illumination was seen for all
WT samples. On the other hand, there is no change in the
FIR absorbance for D96N upon illumination. The change in
the FIR absorption can come about either due to a change in
the dipole moment or a change in the normal mode density of
states. A large conformational change for BR occurs in the
L!M transition (Dencher et al., 1989). Electrical measure-
ments on oriented BR membranes show that the change in
dipole moment from ground state to M is nearly identical for
WT and D96N (Der and Keszthelyi, 2001). This would
suggest that the observed increase in FIR absorbance for WT
with conformational change may be due to an increase in the
normal mode density and that this increase in normal mode
density is greater in WT than that for D96N. Since it is the
low frequency modes that have the largest amplitude
ﬂuctuations, this increase in normal mode density at low
frequencies suggests greater conformational ﬂexibility,
which would agree with the shorter photocycling time for
WT.
We note that although we expect that most of the
conformational change to be in the M state, and thus any
change in the FIR absorbance to be associated with that
intermediate, the UV/Vis spectra suggest that the amount of
M content for the WT is less than that for the D96N sample,
and the WT sample may also have N and possibly P
intermediates as well. Thus it is possible that the FIR
absorbance increase observed for the WT is due to the other
intermediates. Using the TTDS system, we can perform
time-resolved measurements, thus follow in time the change
in the FIR absorbance for each intermediate, veriﬁed by the
secondary UV/Vis absorbance probe.
CONCLUSIONS
The FIR absorbance for ground-state wild-type bacteriorho-
dopsin and D96N agrees well with normal mode calculations
and electric dipole measurements, but the calculated in-
tensity suggests that anharmonicity needs to be included for
accurate calculated absorbances. The absorbance is broad
and increasing with frequency without any speciﬁc mode
dominating, with the D96N having a smaller absorbance
associated with its smaller dipole moment. The temperature
dependence of the FIR absorbance suggests that the
anharmonicity of the conformational potential can be
quantiﬁed, and requires more thorough measurements of
this temperature dependence. Finally, FIR absorbance is con-
formation dependent for the WT, and apparently conforma-
tion independent for the mutant. This is the ﬁrst observation
of a conformational change through the conformational
vibrational mode spectrum. However it is not clear if the
change in absorbance is associated with the M-state interme-
diate, and future time-resolved studies of the THz response
as a function of photo-initiated conformational change should
resolve this question.
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